micrococcal nuclease, has been used to probe the Dickerson dodecamer , from which it emerges that cleavage rate constants show wide variation between individual phosphodiester bonds, and that excellent correlations with torsion angles are possible. At the opposite end of the spectrum of precision, a number of nucleasessuch as DNase I (Wu, 1980) , micrococcal nuclease (Jesse et af., 1982) and S1 nuclease (Hentschel, 1982; Larsen & Weintraub, 1982; Coding & Russell, 1983; Glikin et al., 1983; Mace et al., 1983; Weintraub. 1983 ) and chemicals such as copper I ,lo-o-phenanthroline (Cartwright & Elgin, 1982; Jesse et al., 1982) and bromoacetaldehyde (T. KohwiShigematsu & H. Weintraub, personal communication) have been used to probe much larger DNA domains in and around selected genes. In this manner various hypersensitive regions have been identified in both DNA and chromatin, frequently at the 5' ends of eukaryotic genes, although many of the observations are presently rather phenomenological and lack precision of measurement, definition and sequence correlation. There is therefore great scope for increasing the understanding behind both the nature of DNA-protein interaction and microheterogeneity in DNA structure. In this paper I intend to consider one example of a sequence-dependent structural perturbation in DNA, and its interactions with a number of enzymes and chemical reagents. An earlier review of this subject may be found in Lilley (1982) .
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DNA supercoiling
The existence of DNA supercoiling (Vinograd & Lebowitz, 1966) adds to the repertoire of structural polymorphism of this versatile molecule, as well as conferring several other advantages from a biological point of view. Supercoiling is a consequence of the double-stranded helical nature of DNA and may be analysed using a standard topological theory (Fuller, 1971 ; Crick, 1976) . It is a property which is manifested whenever a loop or domain of DNA has its ends constrained, most simply by covalent closure to give a circular molecule, although a single chromosomal loop is usually equivalent. These properties are therefore most easily studied in covalently closed circular molecules such as the plasmids or certain bacteriophage and viral DNA molecules. In order to understand the theory of supercoiling it is necessary to perceive DNA as a mathematical ribbon, where the edges are defined by the ends of successive base pair dyads. Because DNA is helical this ribbon is twisted, and thus the ribbon edges are linked. A linking number (Lk) is defined, which is the number of times one edge pierces the plane of the opposite edge, and this parameter is a topological property which is necessarily integer, global and invariant in the absence of strand scission. Two additional parameters are required in order to analyse supercoiling completely, and these are geometrical. Twist (Tw) is the integral of the turns the ribbon edges make about the central axis, whilst the writhe (Wr) is the integral of the turns made by this axis about a superhelix axis. It has been shown mathematically that these three parameters are very simply related by the equation (Fuller, 1971) :
which expresses the concept that the linkage, which is invariant, may be partitioned freely between axial twisting and tertiary writhing such that their sum is constant. The free energy for a given set of environmental conditions is fixed by the linking number, which then influences the structure adopted by the molecule. If we imagine a long linear DNA molecule in solution at thermal equilibrium to be circularized by DNA ligase, then the minimum freeenergy species produced will have a linking number equal to the number of duplex turns in the original linear molecule. The new circular molecule will be approximately flat, i.e. linkage and twist will be equal and compensatory. Suppose now that prior to ligation one or more 360" twists is made into the linear DNA. This can occur in one of two directions, either right-handed, producing a molecule with increased linking number and referred to as overwound or positively supercoiled, or left-handed (underwound, negatively supercoiled). These species have higher free energy, and in the present example these would be populated according to Boltzmann statistics resulting in a distribution of topologically isomeric molecules, usually called topoisomers. Because we are chiefly interested in differences from energetic minima it is most useful to re-express eqn. ( I ) as : ALk=ATw + Wr (2) where ALk and ATw refer to linking and twist differences from the thermodynamically relaxed species, i.e. ALk = Lk -Lk" (3) where Lk" is the linking number of the most relaxed topoisomer. Frequently, it is useful to express this in a manner which is size-independent by defining a specific linking difference (6): u = ALk/Lk" (4) Most natural DNA molecules possess negative linking differences, i.e. they are underwound. The extent of this negative supercoiling is to produce specific linking differences in the range -0.05 to -0. I , i.e. a linking difference of around -25 for a 5kb molecule.
How is this linking difference accommodated? Firstly, it should be pointed out that this level is well beyond that thermally populated at physiological temperatures and is achieved in bacteria by gyrase. Gyrase is a special example of an enzyme called a topoisomerase (Gellert, 1981) , which interconverts topoisomers of differing linkage using the energy of ATP hydrolysis to drive the position of equilibrium. These underlinked topoisomers must obey eqn. (2), which means that either the helical twist must be significantly altered from the most favourable value, by definition a destabilizing process, or the duplex axis must be deformed, a similarly energy requiring process. Of course, it is the latter possibility that gave the term 'supercoiling' to describe these properties. Thus it may be said that the existence of DNA supercoiling in effect sequesters energy into the molecular structure. How accessible this energy is we must now consider.
It seems rather unlikely that the energetic investment involved in DNA supercoiling is without biochemical purpose. Bacteria at least are seldom so profligate with their energy resources. However, the free energy held in a supercoiled molecule may be readily coupled to driving structural perturbation in the DNA itself, or to certain processes which require temporary structural rearrangement. The effective source of potential energy is the relief of tertiary writhing, i.e. the reduction in axial bending. In general, we consider that torsional or tertiary deformation will be uniformly distributed throughout the circular molecule, but this is not obligatory. To take a simple example, a supercoiled plasmid containing the sequence ( C P G )~~ will cause a ATw of -3.7 if it undergoes a B to Z conformational shift, resulting in a considerable relaxation of the rest of the molecule. In this way a local structural perturbation has contributed a significant fraction of the twist change required to balance the linkage reduction, as required by eqn. (I). Conversely, therefore, the structural perturbation will be favoured by negative supercoiling. The predicted stabilization of local sections of Z-DNA in plasmids has been observed experimentally (Klysik et ; Singleton & Wells, 1982) . In fact, any structural change resulting in a net local negative twist must be favoured by torsional underwinding, and this includes local melting and the closely related process of cruciform formation. Thus it is not surprising that supercoiled molecules possess single-strand-like characteristics, a theme which I will shortly develop. Of course, positive supercoiling, or overwinding, has the reverse effect of stabilizing the regular B-DNA helix relative to these alternative conformations, and such DNA would be thermodynamically more resistant to base unpairing. This is the reason why natural DNA species are invariably negatively supercoiled, never positively. At a more functional level, negative supercoiling will stimulate processes requiring local helix unwinding, of which transcription is the most obvious case, and it is well established that E. coli R N A polymerase, to take a clear-cut example, transcribes supercoiled DNA very much more efficiently than a relaxed template (Botchan et at., 1973; Richardson, 1974; Wang, 1974) . At a more cellular level, several genes have been observed to possess promotors whose strength is supercoildependent (Javor, 1974 (Dubnau & Margolin, 1972) . leu-500 mutants are normally leucine auxotrophs, but the requirement is lost if the cells become
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TWENTIETH COLWORTH MEDAL LECTURE 1 29 topA in addition to leu-500. The removal of topoisomerase activity from these cells results in higher than normal linkage reduction, and this 'extra' free energy appears to overcome the transcriptional block caused by the leu-500 mutation, which is a single transition in the Pribnow box of the promotor.
Supercoiling makes biological sense. The energy retained in the molecular structure of DNA adds structural polymorphism and destabilizes the base pairing. I will now go on to examine an aspect of DNA structure which epitomizes these points.
Supercoiled DNA probed by single-strand-specijic nucleases I have already noted that on theoretical grounds DNA which is negatively supercoiled should be somewhat akin to single-stranded DNA. One particular manifestation of this property is that supercoiled DNA acts as a substrate for single-strand-specific nucleases, such as S 1 nuclease from Aspergillus oryzae. Whilst this property had been noted over a decade ago (Beard et al., 1973; Godson, 1973; Kato et al., 1973; M6chali et al., 1973; Woodworth-Gutai & Lebowitz, 1976; Shishido 1980) it was not known whether the helix destabilization it reflected was distributed throughout the molecule, or alternatively whether it might be localized to specific DNA sequences. The restriction enzymes afforded the method of choice to investigate this question, providing, as they do, site-specific cleavages to act as points of reference. The experimental protocol is simple : supercoiled DNA is cleaved by S1 nuclease to the point at which a reasonable proportion of the DNA is converted to full length linear molecules without significant further overdigestion; the DNA is then purified, cleaved by the restriction enzyme and the resulting fragments examined by gel electrophoresis (Lilley, 1980 (Lilley, , 1981a Panayotatos & Wells, 1981) .
The first DNA molecule to be examined in this way (Lilley, 1980) was the natural Escherichia coli plasmid ColE1 (Bazaral & Helinski, 1968) . a 6.5kb covalently closed circular molecule easily prepared in large quantity. Fig. 1 shows that the plasmid is readily converted to full length linear ColE1 by S1 treatment. This S1-incubated plasmid has then been separately cleaved by the two single-site restriction enzymes EcoRI and Smal, and in each case new sharp bands are revealed by electrophoresis, indicating the formation of discrete fragments of DNA. In the case of the SmaI-digested DNA it may be seen that two fragments have been generated, whose aggregate length is 6.5kb. This indicates that the S1 nuclease has cleaved predominantly at Supercoiled ColEl was incubated with SI nuclease and the resulting 5' termini labelled with '*P. This DNA was cleaved at the EcoRI site, denatured, and the approx. 100 nucleotide fragments separated by sequence gel electrophoresis. Note that site-specific cleavage at the ColEl inverted repeat resolves into three cleavages at consecutive phosphodiester linkages, with a 1 : 2 : 1 ratio of attack.
VOl. 12 a single location, and the low level of background smearing reveals that cleavage at other positions in the plasmid is low. Length measurement on the fragments produced by S1-EcoRI and S1-SmaI digests indicate that the site of hypersensitivity to S1 nuclease is in a fairly close proximity to the EcoRI site, but closer definition required measurements of greater precision. This was achieved using restriction fragments of shorter length, whose lengths could be measured with greater accuracy, and by these means the S1 site was pinpointed to a sequence 98 2 bp from the EcoRI site on the site proximal to the replication origin. By good fortune this region of ColEl had just recently been sequenced by Patient (1979) and thus it was possible to examine it for interesting features. This search rapidly revealed that the sequence hypersensitive to Sl nuclease was the centre of a 13 bp inverted repeat separated by a nonsymmetric 4 bp sequence [later corrected to 5 bp (Oka e? al., 1979) l. Thus there was a clear correlation, not yet proved causal, between nuclease hypersensitivity and a significant feature of the nucleotide sequence, an inverted repeat. The role of negative supercoiling must be stressed, for it is essential in the observation of the nuclease sensitivity. In Fig. 1 it may be seen that attempts to digest SmaI-linearized ColE1 by S1 nuclease do not result in site-specific cleavage.
I will expand on this point later.
The hypersensitivity to S1 in the centre of the inverted repeat appears to be effectively a local phenomenon. Firstly, molecular size does not significantly affect nuclease cleavage in that ColE1 deletants, pVHS1 (4kb) (Lilley, 1981~; Panayotatos & Wells, 1981) or pA03 (1.7kb) (Panyutin et al., 1982; Lilley, 1983a) and larger transposon bearing derivatives, pDSlll8 (1 1.5 kb) (Lilley, 1981a) are all cleaved in an apparently identical manner. Secondly, a relatively small fragment of ColE 1 which contains the 13 bp inverted repeat has been cloned into pBR322 (Lilley, 1981~) . Supercoiled recombinant plasmid, pColIR215, as shown in Fig. 2 , is hypersensitive to S1 nuclease at a site which corresponds to the introduced ColEl inverted repeat. 
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(6) Fig. 2 . Site-specific cleaoage of supercoiled pColIR215 by S1 nuclease (a) Map of pColIR215. This plasmid was derived (Lilley, 1981a) by replacement of the 375bp EcoRI to BamHI region in pBR322 by a 440 bp EcoRI to Sau3A1 fragment of ColE 1 containing the inverted repeat conferring hypersensitivity to S1 nuclease. This sequence is indicated by a filled box. The three boxes between AoaI and PstI sites are the major, sub-minor and minor S1-sensitive inverted repeats (clockwise, respectively) from pBR322. (6) 1% agarose gel electrophoresis of S1 nuclease-cleaved pColIR215. Left to right tracks contain : (i) supercoiled pCol-IR215; (ii) S1 nuclease-cleaved pColIR215 cut with AoaI; (iii) to (v) pColIR215 incubated with S1 nuclease at 7,25, or 37"C, respectively, before cleavage with Sun; (vi) pBR322 S1 nuclease-cleaved at 25°C followed by SalI cleavage; (vii) supercoiled pBR322, (viii) marker fragments; HindIII-cleaved phage PM2 DNA, sizes of fragments in bp on right. Supercoiled (S) and linear (L) positions are indicated on left. The large arrows on the right indicate site-selective cleavage of pColIR215 by S1 nuclease at the ColEl inverted repeat revealed by AoaI (a) or Sun (s) cleavage. S1 nuclease cleavage at the major site in pBR322 is indicated by (b).
Despite the global nature of supercoiling properties, it is clear that a relatively small amount of local sequence information is involved in the structural perturbation which leads to the observed nuclease sensitivity.
The ColE1 sequence is not an isolated example. The cloning vector pBR322 (Bolivar et al., 1977) has three S1 hypersensitive sites, not of equal sensitivity and all of which are cleaved to a considerably poorer extent than the ColE1 sequence (Lilley, 1980) . Close mapping of the pBR322 sites has shown each to be the centre of an inverted repeat with a short, central non-symmetric sequence. The replicative form of the phage 4x174 contains a moderately strong S1 site (Lilley, 1980) , which mapping has again identified as a 13bp inverted repeat. In this example, however, there is a single imperfection in the two-fold symmetry. These nuclease-sensitive inverted repeat sequences are summarized in Table 1 .
The nuclease sensitivity of inverted repeats when supercoiled has thus been generalized to five sequences. Nevertheless, a causal relationship has still not been established experimentally. This was achieved by creating an inverted repeat de now in a plasmid followed by S1 cleavage experiments as before. pIRbke8 was constructed by the use of two 13 residue oligonucleotides, synthesized by solid phase chemical methods (Lilley & Markham, 1983) . The sequences of the synthetic fragments were such as to hybridize together to leave complementary EcoRI and BamHI termini. Ligation followed by BamHI cleavage therefore leaves a perfect inverted repeat which was cloned into the BarnHI site of pAT153. S1 cleavage experiments of pIRbke8, shown in Fig. 3 , demonstrate that the synthetic inverted repeat is a moderately strong S1 cleavage site in the supercoiled plasmid, rather stronger than the pBR322 sites for instance. The only difference between pAT153 and pIRbke8 is the synthetic repeat and we may therefore conclude that this sequence is solely responsible for generating a hypersensitive site. Thus the causal link is proven. This experiment makes a further small point. The natural inverted repeats all possess central non-symmetric sections. By contrast the synthetic inverted repeat is perfectly symmetrical through the centre. A central disruption of the symmetry is not, therefore, a requirement in the structural deformation inherrent in the hypersensitivity.
The direct correlation of the creation of an inverted repeat and its S1 nuclease hypersensitivity has been performed for another plasmid, pIRhce2. This plasmid contains a perfect inverted repeat created by the ligation of a 31 bp EcoRI to Hind111 fragment from pBR322, dimerized about the EcoRI site (J. Young & D. M. J. Lilley, unpublished work). Once again the new inverted repeat introduces a moderately strong S1 target into the supercoiled recombinant plasmid.
Whilst S1 nuclease has been the most extensively used single-strand-specific nuclease in these studies, it has not been employed exclusively. It is important to make use of alternative probes for several reasons. Firstly, in order to remove the suspicion that the hypersensitivity observed might merely reflect some vagary of the mechanism of this particular enzyme, and secondly because the conditions required for S1 nuclease, pH4.6 in particular, are somewhat extreme, and if possible it would be desirable to obtain information under milder conditions. T7 gene 3 endonuclease (Panayotatos & Wells, 1981) and micrococcal nuclease (Dingwall et al., 198 1 ; Lilley, 19834 are enzymes whose pH optima are close to neutrality, and which require no special cations. These nucleases have been demonstrated to cleave inverted repeats of ColEl and pBR322 with specificity. One further example is the nuclease BAL31. In addition to its well known exonuclease activity, BAL31 also possesses single-strand-specific endonuclease activity, and we have performed preliminary experiments which show that the ColEl inverted repeat is an excellent specific substrate for this enzyme (L. R.
Thus the cleavage of inverted repeats in supercoiled DNA molecules by single-strand-specific nucleases has been generalized to include seven or more sequences and at least four nucleases. The property is not, therefore, a Table 1 . Nucleotide sequences of inverted repeats which exhibit hypersensitivity to single-strand-specijc nucleases Sequences which are related by the dyad axes are shown in bold type. Note that the synthetic inverted repeat is perfectly symmetrical, without a central non-symmetric region, whilst the 4x174 sequence has one two-fold mismatch in addition to its central sequence. 
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Vol. 12 gel electrophoresis of S1 nuclease-cleaved pIRbke8. Left to right tracks contain: (i) supercoiled pIRbke8; (ii) pIRbke8 incubated with S1 nuclease at 25°C; (iii) and (iv) pIRbke8 cleaved at 25°C by S1 nuclease subsequently cut with SaA and AvaI, respectively; (v) to (vii) as preceding three but using S1 nuclease cleavage at 37°C; (viii) Marker fragments; HindIII-cleaved phage PM2 DNA, sizes in bp on right. Supercoiled (S) and linear (L) positions given on left. The large arrows on the right indicate site-selective cleavage of pIRbke8 at the synthetic inverted repeat revealed by SaA (s) or AvaI (a) cleavage. peculiarity of a single enzyme, or the conditions under which it is used, and the variety of probes and conditions used has been summarized in Table 2 . As we shall see shortly, the hypersensitivity of the sequences is not limited to single-strand-specific nucleases and additional chemical and enzyme probes have been successfully employed in the study of these features.
Cruciforms
Inverted repeats, perfect or otherwise, are quite common in natural DNA sequences. The suggestion by Platt (1959, and later re-discovered by Gierer (1966) , that these sequences could form intra-strand bonded secondary structure, is almost as old as DNA structure itself. These structures have been called variously cruciforms, hairpin loops, rabbit ear and stem-loop structures. As an example, Fig. 4 shows the ColEl inverted repeat drawn as a regular duplex and as a cruciform structure. No alternatives to this type of perturbed secondary structure readily present themselves, and the idea that such features might be responsible for the observed hypersensitivities is very seductive. The unpaired loop which is generated from the central region might be expected to be a possible substrate for singlestrand-specific nucleases, and, indeed, fine mapping of low temperature S1 cleavage of ColEl (Lilley, 1981a ) (see Fig. I ) supports the idea of enzyme interaction with an unpaired loop of DNA. Thus the potential of the sequences for forming secondary structure, coupled with the observation of several examples of nuclease sensitivity, makes the cruciform hypothesis very attractive as an explanation for the experimental data. Perhaps the minimum conclusion we can draw thus far is that cruciforms appear to be formed from these inverted repeats at least insofar as they participate in the various enzyme interactions.
Cruciforms would not be expected to be thermodynamically stable in linear or relaxed circular DNA. 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 Fig. 4 . The sequence of ColEl shown to confer hypersensitivity to S l nuclease in supercoiled molecules, drawn as a putative cruc form structure
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Relative to the regular B-helix these structures suffer a loss of base pairing and stacking interactions in the loop region, and presumed disruption at the base of the stem, all of which should destabilize the molecule. In a negatively supercoiled molecule, however, the situation is complicated by the additional effects of the topology of the system. To take the example of pColIR215, the ColE1 inverted repeat contains 31 bp which would normally contribute a twist of + 3.0 to the molecule. The equivalent cruciform will reduce this to approximately zero and thus the ATw for extrusion of this cruciform is approximately -3.0. Assuming a native level of supercoiling of t~ = -0.06, this corresponds to a free energy difference, AG = 90.4kJ mol-I (21.6 kcal mol-l ) at 37°C. It should be noted that this same free energy is available simply by melting the same, or any other, 3 1 bp of DNA, but the energetic advantage of forming a cruciform is that for the majority of hydrogen bonds and stacking interactions which are broken, isoenergetic bonds become formed, i.e. in the stem of the cruciform. Thus it is clearly predicted that cruciform structure, just like Z-DNA formation, will be favoured by negative supercoiling. The observation that supercoiling is essential for S 1 nuclease
VOl. 12 hypersensitivity is therefore entirely consistent with the cruciform hypothesis. Exact calculations to predict the energy required for the formation of a cruciform structure have been attempted by a variety of thermodynamic, mechanical and statistical mechanical approaches (Hsieh & Wang, 1975; Benham, 1982; Vologodskii & Frank-Kamenetskii, 1982) . Whilst the calculated stabilities vary somewhat with the approach used, there is broad agreement that negative supercoiling will favour the formation of cruciforms.
Cruciform formation has been suggested by Gellert and coworkers from observations upon a different system . Long inverted repeats were created and supercoiled in vitro and it was noticed that the migration of these molecules on gel electrophoresis increased normally with supercoiling up to a threshold level, when the mobility then collapsed back to that of relaxed DNA circles. When examined by electron microscopy these species showed very clear cross-like structures, presumed to correspond to long cruciforms. Since the inverted repeats were extremely long the cruciforms could theoretically extrude to the point at which the molecule then possessed zero writhing. This point would represent the limit of extrusion, for to go beyond this point would entail overwinding the non-cruciform DNA of the molecule, which would be thermodynamically unfavourable.
Another approach used to demonstrate structural perturbation in these systems is the use of restriction enzymes (Mizuuchi et al., 19826) . If the centre of symmetry is a restriction enzyme target sequence, then if this DNA forms the loop of a cruciform it is likely to be a poor substrate for the enzyme. This behaviour has been demonstrated for these long cruciforms, and a closely related experiment has been performed for the ColE1 inverted repeat, as I shall describe later.
Nuclease sensitivity and the degree of supercoiling
I have shown that the S1 nuclease sensitivity of inverted repeats is, as expected, totally dependent upon negative supercoiling. We may extend this aspect by asking just what degree of supercoiling is required to observe this hypersensitivity. The free energy of supercoiling has been found to be a quadratic function of linking difference (Depew & Wang, 1975; Pulleyblank et al., 1975) , i.e.
AG =(K/N)ALk2
where K = 1100RT, N is plasmid size (bp), R is the gas constant and T the absolute temperature, and it is therefore predicted that the stability of a cruciform will be a sharp function of ALk.
There are two ways to investigate SI sensitivity with respect to linking difference. The easiest way is the preparation of populations of topoisomers of varying mean linking difference by incubating plasmid with topoisomerase I in the presence of appropriate concentrations of an intercalating drug such as ethidium bromide. The actual levels of supercoiling achieved are then checked using band counting techniques (Keller, 1975) with gel electrophoresis in the presence of chloroquine. An example of such an experiment (Lilley & Hallam, 1983 ) is shown in Fig. 5 . The plasmid used contains the ColEl inverted repeat, and is a deleted version of pColIR215 of 2.7 kb, whose construction, though unimportant to the present discussion, will be presented later. The general features of the dependence on supercoiling are clear. The transition from total insensitivity to sensitivity is, as predicted, sharp, and the mid-point which occurs is at quite a high level of supercoiling, around native levels in fact. Similar experiments have been carried inverted repeat in pColIR.51.5 Plasmid was incubated with chicken reticulocyte topoisomerase I in the presence of various concentrations of ethidium bromide to generate distributions of topoisomers whose mean superhelix densities cover the range shown on the horizontal axis. These were measured by band counting on chloroquine-containing gels. These samples were then incubated with S1 nuclease followed by restriction cleavage and electrophoresis. The results were quantitated by densitometry and the S1 nuclease cleavage frequencies estimated. These are indicated on the vertical axis in arbitrary units.
out by Singleton & Wells (1982) , and by Panyutin et al. (1982) , with essentially similar results. A drawback of this experimental approach is that each point on the graph represents a Boltzmann population of topoisomers. Since the free energy function is quadratic this means that the S1 sensitivity function which is sought will be smeared with a Gaussian distribution function. The way to avoid this problem is to purify individual topoisomeric species. Preliminary experiments of this type confirm the sharp nature of the sensitivity transition.
These transitions may be correlated with revealing mobility changes observed with gel electrophoresis. Negatively supercoiled topoisomers of pA03 exhibit increasing mobility in gels as the linkage is progressively reduced up to a threshold value, whereupon the migration actually reduces with further increase before reversing sign once more (Panyutin et al., 1982; Dean et al., 1983; Otter et al., 1983) . This is presumed to reflect the writhing decrease which occurs upon cruciform extrusion. In the presence of Mg2 + several topoisomers migrate as two distinct bands, and in Tris-borate-EDTA buffer topoisomers of = -0.03 and -0.06 comigrate. Perhaps the ideal system for such experiments are the two-dimensional gels developed by Wang et al. (1983) specifically for revealing such structural transition. The principle of this method is very simple: a sample of mixed topoisomers covering relaxed to oversupercoiled is run as a single well in an agarose gel without intercalating agent. The gel is then soaked in a saturating concentration of chloroquine, turned 90" and electrophoresed once more. If a structural transition, such as B to Z or cruciform, is possible, then an additional arc of topoisomeric spots is seen. This 'jump' is caused by the destabilization of the supercoil-dependent feature in the presence of the chloroquine. By these means Courey & Wang (1983) have revealed cruciform transitions using long artificial inverted repeats, and we have been able to demonstrate equivalent transitions for the 31 bp inverted repeat of pIRhce2, see Fig. 6 (J. Young & D. M. J. Lilley, unpublished work). Showing equivalent behaviour in the case of the small inverted repeats has been difficult however. The probable reason for this is the high level of supercoiling required for stability. This may place the critical transition region well into the domain in which mobility as a function of supercoiling has saturated. Recently Lyamichev et al. (1983) have overcome this problem for the ColEl inverted repeat by a combination of the use of a very small plasmid, pA03, and the superior resolution of composite polyacrylamide-agarose gel electrophoresis. These authors observe a band shift of 4 at a critical linking difference of -9. This is in reasonable accord with predictions based upon the expected behaviour of the S1-sensitive inverted repeat of ColEl extruding into a cruciform structure.
These structural perturbations are very good evidence that the ColE1 inverted repeat, first observed as a S1 nuclease-hypersensitive site, is indeed forming a cruciform structure. By implication, therefore, it is probable that the other nuclease-sensitive inverted repeats also exist as cruciform structures. In the following sections I shall describe additional probing experiments which do not rely on singlestrand-specific enzymes. n L Fig. 6 . Two-dimenrional agarose gel electrophoresis of pIRhce2, a plasmid containing a perfect 2 x 31 bp inverted repeat The first dimension is regular electrophoresis with no intercalating species present. The gel was then soaked in a saturating concentration (5pg/ml) of chloroquine, turned 90" and electrophoresed for a similar period in the presence of the same chloroquine concentration. The chloroquine causes all the molecules to become positively supercoiled, and topoisomers are resolved from the relaxed position, i.e. ALk = 0, (R) from the top right, down to the topoisomers of largest negative linking difference at the bottom left. The positive supercoiling relaxes structural transition, i.e. cruciform formation, which changes the writhing, and hence mobility, causing a 'jump'. This produces the new arc of topoisomers (C), which is therefore indicative of the presence of cruciform structure in this molecule. Open circular DNA is indicated by (0).
Probing cruciforms without using single-strand-specific nucleases
Single-strand-specific enzymes potentially suffer from a drawback which clouds the interpretation of results obtained. In theory at least a sort of Uncertainty Principle applies, since in order to recognise single-stranded DNA, these enzymes must bind to it in the first instance. This binding might itself induce the formation of cruciforms, the equilibrium being driven by the K,,, of the nuclease. Several single-strand-selective chemical reagents have been described, and their reactions with DNA characterized. The reaction of chloroacetaldehyde with adenine and cytosine to form etheno adducts has been presented, chiefly in the context of the synthesis of fluorescent nucleotide derivatives (Secrist et al., 1972) . T. Kohwi-Shigematsu & H. Weintraub (personal communication) have exploited the more reactive bromo analogue as a single-strand-selective probe. Since the reagent reacts with the N-1 and exocyclic amino of adenine, i.e. precisely those nitrogen atoms which participate in adenine-thymine base pairing, it is expected that the reaction speed will be greatly elevated by loss of base pairing. Furthermore, once modified an etheno adenine will be unable to re-base pair, leaving a recognizable perturbation in the DNA structure which is topologyindependent. Thus a simple three-stage protocol has been used in the search for site-selective reaction with supercoiled plasmids (Lilley, 19836) . Reactions are performed sequentially, with purification of the DNA between each step. These are first, bromoacetaldehyde modification, second, cleavage by a restriction enzyme, and third, incubation with SI nuclease. The theory behind this approach is that in the first step the reagent may modify the DNA, leaving a 'bubble' of ethenonucleotides. At the second step, the restriction cleavage provides a reference cleavage point, and in addition removes any torsional stress, so that in the third step the S1 will only remove the DNA which has a permanent perturbation by virtue of chemical reaction.
The reaction of supercoiled pColIR215 with a range of bromoacetaldehyde concentrations, followed by Safl and S1 cleavage reactions, is shown in Fig. 7 . It is striking that this small molecule is quite selective in its attack upon the plasmid, and mapping experiments using additional restriction enzymes have shown that the hypermodification is localized to the region of the ColE1 inverted repeat. Analogous results have been obtained with the synthetic inverted repeat of pIRbke8 (Lilley, 1983b) , and both results are completely supercoil-dependent. Thus the supercoildependent structural transition undergone by these inverted repeats results in the nucleotide bases becoming sensitive to modification by this chemical agent. The local patterns of modification have been studied by autoradiographic visualization of 5'-32P-labelled shorter DNA fragments arising from the use of restriction targets closer to the inverted repeat. For both the ColEl and the synthetic inverted repeat it was found that the entire repeat region and 10 nucleotides on either side become modified, with highest extents of reaction in the flanking and central regions. The most obvious explanation of such data is that the initial modification reaction, in contrast to the self-limiting nuclease reactions, predisposes neighbouring nucleotides in the supercoiled DNA to reaction, thus producing an expanding 'bubble' of modified DNA. However, very careful examination of S1 cleavage at the ColEl inverted repeat at 37°C reveals that a small but significant fraction of the cleavage by the nuclease occurs in the flanking DNA, the positions of which exactly match the bromoacetaldehyde locations. It therefore appears that the DNA which flanks the inverted repeat is hypersensitive to both SI Fig. 7 . Site-selective modification of supercoiledpColIR215 by bromoacetaldehyde pColIR215 was reacted with bromoacetaldehyde at 37°C and the modified DNA purified. This was then linearized at the unique Sun site. Following purification, the modified region was excised by S1 nuclease incubation. Site-selective modification is revealed by the generation of discrete DNA fragments, i.e. sharp bands, shorter in length than complete linear plasmid. Left to right tracks contain: (i) supercoiled pColIR215; (ii) to (vi) pColIR215 reacted with 5, 15, 50, 150 and 500 mwbromoacetaldehyde, respectively, followed by Sun and S1 nuclease cleavages; (vii) marker fragments; phage PM2 digested by Hind111 : sizes in bp on right. Supercoiled (S) and linear (L) positions are given on left. Selective bromoacetaldehyde modification at the ColE 1 inverted repeat is demonstrated by the production of the linear species indicated by the large arrows labelled ba.
nuclease and bromoacetaldehyde, and may therefore itself adopt a perturbed conformation. Whilst this conclusion is presented somewhat tentatively, it is to be noted that Wells and co-workers have shown that the B-Z junction is also S1 nuclease-sensitive in supercoiled DNA.
The use of additional small-molecule probes is of current interest in this laboratory. Very recently we have observed that the ColE 1 inverted repeat of pColIR215 is an extremely sensitive hot-spot for modification by the single-strandselec_tive reagent osmium tetroxide (D. M. J. Lilley & E. Palecek, unpublished work) . In contrast to bromoacetaldehyde, this adduct is formed at pH8.0.
Inhibition of restriction cleavage at the ColEl inverted repeat
As an alternative to probes which may recognize inverted repeats in supercoiled DNA as structurally distinct, and thereby react, we may choose a probe which might be inhibited by such a perturbation and therefore fail to react.
By good fortune the ColEl inverted repeat has an AuaII restriction target sequence, G-G-A-C-C, situated such that the first four nucleotides are the lower four nucleotides of the putative cruciform stem and the last cytosine is the first of the flanking DNA. It may be reasoned that the structure of this DNA in its perturbed conformation may prevent recognition by the restriction enzyme. A new plasmid, pColIR215, was therefore constructed from pColIR215 by deletion, in order to remove most of the AvaII sites present in pColIR215 (Lilley & Hallam, 1983) . The new plasmid, shown in Fig. 8 , has the AvaII site of the inverted repeat (site a) and two other sites (sites b and c) which may be used as reference sites. Cleavage kinetics at these three sites were measured for supercoiled and linear DNA and pairwise ratios extrapolated to zero time to ensure single-hit kinetics. These data are given in Fig. 8 . It may be seen that the ratio of the non-cruciform sites at zero time is topology independent, i.e. the linear/supercoil ratio for sites b/c is unity. In contrast, the a/b or a/c topology ratios are 1.8 at zero time, i.e. relative to the reference sites, cleavage at the inverted repeat AvaII site is strongly inhibited in the supercoiled molecule compared to the linear plasmid. Clearly there is a supercoil-dependent structural perturbation inhibiting AvaII recognition and/or cleavage selectively at the site flanking the ColE1 inverted repeat.
Cruciforms and Holliday structures
One reason for my interest in cruciform structures is their close relationship with Holliday structures (Holliday, 1964) which are the penultimate intermediates in homologous genetic recombination. As four-way DNA junctions it seems very likely that there will be a close geometric similarity between these structures, and Fig. 9 shows a cruciform drawn in its familiar style and one chosen to illustrate the equivalence to the Holliday junction. The final steps in the recombination process involve the resolution of this structure, and the analogous reaction with a cruciform would give the nicked-hairpin species indicated in Fig. 8 . Thus our suspicions that the multiply-hypersensitive inverted repeats are adopting cruciform geometry might be tested if a purified resolving enzyme was available. Such an experiment would then constitute a type (d) probe in the context of the section on Probing Cruciforms Without Using Single-strand-specific Nucleases, i.e. an enzyme interacting with the stem-base region of the putative cruciform rather than the loop.
Fortunately, a Holliday resolving enzyme has now been purified from phage T4 infected E. coli (Kemper & Garabett, 1981) . This enzyme, endonuclease VII, is the product of gene 49, and is required for the resolution of multiple-branched phage DNA prior to packaging (Frankel et at., 1971 ; Kemper & Brown, 1976) . It has been shown to cleave very long artificial inverted repeats supercoiled in vitro, as well as chi structures and cross-hybridized phage lambda attachment site branch points (Mizuuchi et al., 1982a) .
Incubation of supercoiled pColIR2I 5 with endonuclease VII results in a rapid conversion directly to linear DNA (D. M. J. Lilley & B. Kemper, 1984) . In order to test for sitespecific cleavage by the resolvase, the endonuclease VII linearized plasmid was cleaved by four single-site restriction enzymes, with the results shown in Fig. 10 . In each case two fragments are produced corresponding to a single site of cleavage in the region of the ColEl inverted repeat. It may be seen from the figure that endonuclease VII-Safl and SlSun fragments comigrate. More accurate mapping confirms that the cleavage site for endonuclease VII is indeed the ColEl inverted repeat. It should be emphasized that the endonuclease VII cleavage is extremely specific, thus VII. The three pBR322 inverted repeats, the synthetic inverted repeat of pIRbke8, its inverse in pIRekb44 and the 31 bp inverted repeat of pIRhce2 are all cleaved with specificity by endonuclease VII, despite no overall sequence homologies.
Resolve
1 Fig. 9 . Schematic showing that a cruciform structure may be redrawn to highlight its close similarity to the Holliday structure of homologous recombination Its resolution in this manner would therefore give the indicated linear molecule with hairpin ends containing single-strand breaks at positions corresponding to the base of the stem.
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generating electrophoretic bands against extremely low background levels of non-specific cleavage.
Additional studies have revealed the following points :
(a) The plasmid DNA is required to be negatively supercoiled. DNA relaxed by incubation with topoisomerase I is not a substrate for endonuclease VII. The single-strand breaks should be susceptible to S1 cleavage, as observed, but can be ligated. This indicates that a 5' phosphate remains and that no gap is introduced. This, of course, makes genetic 'sense' in terms of the resolution of a Holliday junction, where no genetic information must be deleted. The hairpin structure would, moreover, leave the 5' terminus in a configuration making it highly inaccessible to kinase, again as observed. Clearly, all these data strongly support the contention of cruciform extrusion from the inverted repeats. Firstly, it is the only common feature between the sequences. Secondly, the enzyme makes simultaneous cleavages at points which would be lOnm apart when placed on regular B-DNA, or even 20nm apart in the case of pIRhce2. These arguments, coupled with the previous model studies on endonuclease VII, are very convincing evidence for the existence of cruciform structures.
That established, the mode of interaction of endonuclease VII with cruciform structures becomes very interesting as a model for the structure and resolution of Holliday intermediates during homologous recombination. Of particular interest is the observed selective 5' cleavage. Resolution according to the Meselson & Radding (1975) model would predict symmetrical cleavage at the 3' positions with random choice between 3' or 5' orientation. However, small cruciforms differ from Holliday junctions in an important way which lowers the symmetry of the former structures. This arises from the fact that the cruciform is attached to a supercoiled plasmid molecule. If we assume that the junction is tetrahedral, then access to one side of the structure will be considerably hindered by the bulk of the plasmid DNA. This results in differential access to the DNA strands, and hence provides a potential bias in cleavage. This gives a further clue to the geometry of the junction, of which two kinds are possible in theory. In order to explain the observed 5' cleavage bias it is necessary to postulate that the 5' to 3' polarity strands are top-most when approached from the direction above the cruciform arms. In the absence of crystallographic data such deductions are useful additions to our limited knowledge of four-way junction stereochemistry.
Perspectives
The evidence for cruciform structure formation by inverted repeats in supercoiled DNA is persuasive. The central regions (loops) are recognized and cleaved by a variety of single-strand-specific nucleases, and the junction region, i.e. the base of the stem, is recognized by an enzyme which cleaves Holliday structures. Alternatively, the structures may be revealed by the failure of an enzyme to react, or by hypersensitivity to a non-enzymic small molecule probe such as bromoacetaldehyde. In addition, the structural transition involved in cruciform extrusion may be recognized by the mobility change of topoisomers of critical linking difference, provided that the plasmid and/or repeat size does not cause saturation.
The thermodynamics of cruciform structures may be well understood in terms of the energetics of DNA supercoiling, provided that the twist change can be computed with accuracy. At present, we merely assume that cruciform formation will result in a ATw of zero between the extreme ends of the structure. This may well be an approximation however, particularly in the light of possible structural perturbation in the flanking regions which are revealed by chemical and enzyme probing. The stability of cruciforms is clearly predicted to be a function of stem length. If two cruciforms are identical except for an additional 5 bp in the middle of each stem then no extra free energy of cruciform formation is required but the twist change increases by approximately unity, thereby allowing greater relaxation. On this basis we may predict the behaviour of an extremely long inverted repeat in a given supercoiled molecule. Cruciform extrusion should continue to the point where the resulting twist change exactly compensates the linkage deficiency. At this point we can see from,eqn. (1) that the molecule has a writhe of zero, i.e. it is completely relaxed. Further extrusion would require positive supercoiling of the rest of the molecule and is therefore energetically unfavourable. Of course, additional cruciform extrusion would occur if the linkage was reduced further, by a topoisomerase for instance.
This thermodynamic understanding may be turned to advantage for our comprehension of the physical chemistry of DNA molecules. By studying the critical linking difference required for cruciform extrusion of matched pairs of inverted repeats it becomes possible to obtain free energies for DNA twist, base mispairing of various kinds and central loop formation. In principle, this method may be used for providing new energetic data of wide application and for testing existing thermodynamic models.
Another aspect of the energetics of cruciform structure concerns their kinetic properties. Recent data on long artificial inverted repeats indicates that the extrusion and absorption of cruciforms is surprisingly slow, unless high temperatures are employed (Mizuuchi et al., 19826; Courey & Wang, 1983; Gellert et al., 1983) . This general behaviour is true also for the short repeats studied here. If the ColE1 sequence is deliberately relaxed by prolonged treatment with ethidium bromide, S1 hypersensitivity is only restored slowly on incubation at 30°C. Other conditions, such as phenol at 20°C, allow almost instantaneous extrusion however. Clearly, a kinetic barrier prevents the facile extrusion of cruciforms, despite their potential thermodynamic stability. We can, however, only guess at the source of the high activation energy. Two types of extrusion mechanism have been considered (Lilley & Markham, 1983) . Firstly, one may envision the entire inverted repeat denaturing and then forming the required intra-strand hydrogen-bonded structure. The transition state for this mechanism will probably be well approximated by the large denatured 'bubble', and the activation energy should be very high indeed. Moreover, a correlation between extrusion rate and repeat size would be indicated, for which there is no evidence. A more attractive alternative has been suggested whereby the initial event involves only central denaturation, formation of a small proto-cruciform and finally branch migration to the fully extruded cruciform. The transition state is harder to identify but is unlikely to be of higher energy than that of the first scheme. Branch migration is known to be a fairly fast process and therefore the initial events must provide the kinetic barrier. These processes are of current considerable interest in several laboratories.
Do cruciforms occur in vivo? The current climate of opinion is against the idea of inverted repeats extruding cruciform structures in the cell. The reasons for this are several fold. As far as short inverted repeats are concerned, these may be thermodynamically difficult to extrude in vivo in view of the relatively high superhelix densities required for stability. The effective superhelix density of cell DNA may possibly be reduced by protein binding to the point at which these smaller cruciforms fail to be stable. The kinetic barriers discussed above are a second factor providing evidence against in vivo occurrence. Even if thermodynamically stable, cruciform conformations may be kinetically inaccessible in the cell. Experiments designed to detect cruciforms in vivo have not met with success. These include the examination of plasmids prepared from cells using mild lysis conditions (Courey & Wang, 1983) , the measurement of mean linking difference of plasmid DNA containing moderately long inverted repeats and the use of psoralen cross-linking in vivo (Sinden et al., 1983) . These results are good evidence against the general extrusion of cruciforms from artificial inverted repeats. They cannot exclude, however, the formation of cruciforms from specific sequences in vivo. The kinetic barrier may be reduced for particular DNA sequences, either inherently or due to binding of facilitating proteins. Indeed the great majority of proteins in the cell are enzymes, the sole function of which is to reduce selected kinetic barriers, and perhaps the Zbinding proteins isolated from Drosophila nuclei are examples of a related system.
Certainly some longer inverted repeats do appear to exhibit special character inside bacteria, which is manifested by low stability or even complete lethality (Collins, 1981; Lilley, 19816; Hagan & Warren, 1982) . As an example, an experiment in which insertion of a 130bp segment of pAT153 back into the vector would generate either direct or inverted repeats depending upon the orientation, yielded 100% direct repeats as viable clones (Lilley, 19816) . Shorter inverted repeats have been successfully cloned, e.g. a 60bp repeat of a synthetic lac operator sequence (Betz & Sadler, 1981 ), but we have observed that even shorter sequences may be unstable to deletion at a low but constant frequency. The mechanism for this instability is hard to ascribe but it seems likely that hairpin structures are involved. These might occur during transcription or replication, i.e. effectively using a polymerase to reduce activation barriers. An alternative but attractive hypothesis is that a cellular resolving system of some kind recognizes the sequences as Holliday structures, resulting in the production of inviable linear molecules. In support of this possibility Leach & Stahl(l983) have recently demonstrated enhanced stability of long inverted repeat sequences in bacterial strains deficient in recombination nucleases. Whatever the actual mechanism of instability, it seems that in vivo structural peculiarity, however transient, is the basis of these observations. In summary the evidence for cruciform formation by inverted repeats in supercoiled DNA is now overwhelming. These structures constitute an interesting addition to the list of known structural microheterogeneities in an already highly polymorphic molecule. Moreover, those structures are useful tools for studying DNA physical chemistry, and are useful models for related structures such as the Holliday junction. Their role in vivo is presently unclear and requires further study.
